Kinetic and thermodynamic studies of ligand-receptor interactions are essential for increasing the understanding of receptor activation mechanisms and drug behavior. The characterization of molecular interactions on living cells in real-time goes beyond most current binding assays, and provides valuable information about the dynamics and underlying mechanism of the molecules in a living system. The effect of temperature on interactions in cell-based assays is, however, rarely discussed. In the present study, the effect of temperature on binding of monoclonal antibodies, cetuximab and pertuzumab to specific receptors on living cancer cells was evaluated, and the affinity and kinetics of the interactions were estimated at selected key temperatures. Changes in the behavior of the interactions, particularly in the on-and off-rates were observed, leading to greatly extended time to reach the equilibrium at 21˚C compared with at 37˚C. However, the observed changes in kinetic characteristics were less than a factor of 10. It was concluded that it is possible to conduct real-time measurements with living cells at different temperatures, and demonstrated that influences of the ambient temperature on the interaction behavior are likely to be less than one order of magnitude.
Introduction
Over the last 30 years, the development of monoclonal antibodies (mAbs) for treatment of various types of disease, such as cancer or chronic inflammatory disease, has increased markedly (1) . Consequently, using mAbs as specific binders to specific targets for potential use in the clinic is continuously being improved and evaluated. The identification and characterization of signaling pathways responsible for the pathogenesis often guides target selection. Furthermore, the identification of various cellular receptors, such as the epidermal growth factor receptor (EGFR), or ligands, such as the vascular EGF (VEGF), improved the understanding of how proteins induce cancer growth via different biological signaling pathways. These findings in turn enabled the construction of proteins capable of interacting and inhibiting their function, such as the development of cetuximab, an mAb against EGFR, and bevacizumab, an mAb against VEGF (2) (3) (4) (5) (6) .
The development of novel mAbs and conjugation approaches, for example the conjugation of mAbs with toxins, radionuclides or nanoparticles, aims to strengthen their therapeutic potential against cancer cells (7, 8) . In such a situation, it is important to understand the behavior of the binding between the antibody and its target to potentially enhance the binding behavior. Investigation of the affinity, and the on-and off-rate provides information regarding the speed at which molecules bind to a receptor, how likely they are to bind, and how stably and strongly they bind. This information explains the differences in cellular responses to facilitate and improve the development of mAb design (9, 10) .
Various techniques, such as small-angle X-ray scattering, electron microscopy, Förster resonance energy transfer and nuclear magnetic resonance, allow the determination of molecular structure and are fundamental for providing information about the protein-protein interactions. However, kinetic and thermodynamic studies of ligand-receptor interactions are required for understanding the underlying mechanism of receptor activation. For this purpose, techniques, such as surface plasmon resonance enables the measurement of protein-protein interactions in real-time, where the target is evenly exposed in a pure form to the ligand (11) . However, a receptor or a protein in a cell has different conformations or is surrounded by different molecules that interfere with the interaction of the ligand that, overall, represents the cellular environment. The measurement of protein interactions on living cells in real-time allows the continuous detection of the quantity of cell-bound ligands, resulting in a binding curve. Binding curves make it possible to estimate the affinity, and the on-and off-rates of the ligand-receptor interaction in a living system (12,13). Spiegelberg et al (14) , demonstrated that real-time in vitro assays predict the behavior of radio-immunotargeting compounds in in vivo studies. This may lead to a more appropriate selection of potential compounds for in vivo studies, which in turn may reduce the development costs of a drug or imaging compounds.
Another aspect to consider in manual end-point and real-time measurements is that the majority of the ligand-binding studies are performed only at room temperature, which does not allow estimation of thermodynamic coefficients, such as enthalpy and entropy, that are dependent on temperature, and that provide additional important mechanistic information about the biological interaction between the ligand and the receptor. In living material, certain additional challenges occur when binding is evaluated close to 37˚C, as the cell metabolizes and performs processes, including internalization and degradation of the antibody (15, 16) . However, when the measurements in living materials are conducted at temperatures close to 4˚C, viability and adherence may be an issue.
Unfortunately, the effects of pH and temperature on binding characteristics are commonly ignored in cell-based assays. Variations in temperature (18-35˚C) or pH (5.5-8.5) has been shown to affect the measurement of the equilibrium dissociation constant (K D ) by a factor of 2 or 10, respectively (10, (17) (18) (19) (20) , excluding effects due to metabolism.
In the present study, the effect of temperature changes on the binding ability of the mAbs, cetuximab and pertuzumab to their specific receptors in living cancer cells, EGFR and human epidermal growth factor receptor 2 (HER2), respectively were evaluated. Binding was measured in real-time using a LigandTracer ® instrument where the affinity and kinetics of the antibody-receptor interactions were derived at three temperatures. The measurement in real-time at different temperatures introduces a unique understanding of the importance of temperature in standard assays, thermodynamics and the true behavior of ligands in living systems. (21) . In brief, cells were seeded on a local area of a 10 cm petri dish (Nunclon™; cat. no. 150350; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and placed in an incubator at 37˚C, and used within 3 days after seeding.
Materials and methods

Cell
Antibody labeling. Pertuzumab (purified from Omnitarg™; Genentech, Inc., South San Francisco, CA, USA) was labeled with Texas Red ® label (Invitrogen; Thermo Fisher Scientific, Inc.), the targets of which are primary amines, i.e., lysines. For this purpose, the clinical mAb was labeled as described by Bondza et al (22) . Additionally, cetuximab (purified from Erbitux ® ; Merck KGaA) was labeled with fluorescein isothiocyanate (FITC; cat. no. F3651; Sigma-Aldrich; Merck KGaA) as described by Stenberg et al (13) . The labeled proteins were purified through a NAP-5 column (GE Healthcare Life Sciences, Little Chalfont, UK) for the removal of unbound fluorophore.
Analyzing antibody-receptor interactions in real-time at dif ferent temperatures. T he cetuximab-EGF R and per tuzumab-human epider mal growth factor receptor 2 (HER2) interactions in living cells were measured in real time using LigandTracer Green (Ridgeview Instruments AB, Vänge, Sweden) at 8, 15, 21 and 37˚C. The LigandTracer technology measures the signal in a specific area of a Petri dish, the interaction between a target (in this case HER2 and EGFR expressed on SKOV3 and A431 cells, respectively) and a specific ligand, which is either radiolabeled or labeled with fluorescence (in this case cetuximab and pertuzumab were labeled with the fluorescent dye, FITC and Texas Red ® , respectively). This technology has been used to measure real time interactions on living cells in various previous studies (23) (24) (25) . All measurements in the present study were performed using two detectors: The yellow (590 nm) to red (632 nm) detector (for the Texas Red label) and the blue (488 nm) to green (535 nm) detector (for the FITC label).
For the temperature measurements, the LigandTracer instrument was placed either in an incubator (37˚C) for cell culture, at room temperature (~21ºC), in a Styrofoam box equipped with a Peltier cooling element tuned to maintaining the temperature at ~15˚C for 24 h (thermobox), and in a cold room maintained at ~8˚C. The instrument was placed in each condition for at least 2 h before starting the assay to allow the temperature equilibrate. The assay temperature was continuously monitored in the instrument during measurements.
The interaction between Texas Red-pertuzumab and HER2 was characterized in LigandTracer Green, where Texas Red-pertuzumab was added to a Petri dish with seeded SKOV3 cells containing RPMI cell culture medium (3 ml). The cells were incubated with a first concentration of Texas Red-pertuzumab (4 nM) for 1.5 h, followed by the second addition of Texas Red-pertuzumab (12 nM) for a further 3 h incubation. Subsequent to the last addition, RPMI medium was replaced with fresh medium and measurements were performed to evaluate the dissociation process. This protocol was performed at all incubation temperatures (8, 15, 21 and 37˚C ).
An alternative experimental setup was also tested, where the association and dissociation were detected separately. In the case of the association phase, an initial measurement was obtained where the cells were incubated with 4 nM Texas Red-pertuzumab for the first 3 h of the association phase, followed by 12 nM Texas Red-pertuzumab for the second 3 h association phase. The dissociation process was evaluated in a separate measurement by the saturation of the cell receptor system where first, the detection of rapid HER2 saturation with Texas Red-pertuzumab (100 nM) was performed during 30 min of measurement, followed by the replacement of the incubation medium with fresh medium to measure the dissociation process.
The interaction between FITC-cetuximab and EGFR was characterized by adding a specific volume of FITC-cetuximab to the final concentration of 9 nM in A431 cells in a Petri dish, and containing the incubation medium (3 ml). This approach was used for all investigated temperature points. For this purpose, the cells were incubated with FITC-cetuximab (3 nM) for 3 h initially. Subsequently, the addition of the next portion of FITC-cetuximab (to a total of 9 nM) was added followed by 3 h incubation at the different temperatures. When the association phase was complete, the incubation medium containing the labeled mAb was replaced with fresh medium (3 ml), allowing detection of the dissociation process in the same measurement.
Statistical analysis. The shapes of the real-time binding curves produced by LigandTracer Green were compared using the evaluation software, TraceDrawer 1.7.1 (Ridgeview Instruments AB). The curves were normalized to compensate for any differences in signal magnitude caused by, for example, variations in cell number and labeling efficiency. Normalization enabled a clear visual presentation of differences in binding kinetics, observed as variations in curvature. The signal at the end of the first incubation phase was set to 100% and the curves were scaled according to Fig. 1 .
Data fitting was conducted essentially, as previously described by Bondza et al (22) for the pertuzumab-HER2 interaction and by Barta et al (26) for cetuximab-EGFR, to obtain information regarding the equilibrium dissociation constant, K D (corresponding to the affinity), the association rate constant, k a and the dissociation rate constant, k d .
Results
Analysis of pertuzumab-HER2 interaction in SKOV3 cells.
Attempts to evaluate the interactions (for SKOV3 and A431) at ~8˚C failed approximately every second assay due to cells detaching from the cell dish shortly after initiating measurement. Characterization of the interactions between Texas Red-pertuzumab and HER2 at different temperatures were performed by two-step incubation with two different mAb concentrations (4 and 12 nM; Fig. 2) .
The interaction of Texas Red-pertuzumab with HER2 reached equilibrium at different times for different temperatures (Fig. 2) . At 37˚C, when the Texas Red-pertuzumab was added to a final concentration of 4 nM, the interaction required ~3 h to approach equilibrium (Fig. 2C) . However, the interaction was significantly slower at 15 and 21˚C, requiring ~5 h for the concentration of 12 nM to approach equilibrium ( Fig. 2A and B) . Following 6 h of incubation with Texas Red-pertuzumab at 37˚C, the signal began to drop marginally, indicating that Texas Red-pertuzumab began to be internalized and degraded in the cells ( Fig. 2C ; time >6 h). After 7-8 h, the incubation solution was replaced with fresh cell culture medium, allowing detection of the dissociation process. Table I summarizes the kinetic constants and affinities presented with standard error (SE) obtained at 15˚C (n=2), 37˚C (n=2) or 21˚C (n=3) for the Texas Red-pertuzumab interaction with HER2 in the SKOV3 cells. As k d was difficult to determine, K D is not displayed (15˚C). The temperature range demonstrates the minimum and maximum temperatures registered during the assays (excluding short term temperature disturbances in conjunction with accessing the instrument to change concentrations).
As observed in Fig. 2 , it was not possible to investigate association and dissociation processes in one run. Initial attempts to evaluate the association and dissociation with just one experiment failed to estimate the k d value, irrespective of temperature (data not shown). Therefore, a set of separate experiments was conducted to investigate the dissociation processes alone. The two curves were evaluated simultaneously via global fitting to estimate the association and dissociation rate constants at the different temperatures, as represented in Table I . Going from 21 to 37˚C resulted in a five-fold increase of the association rate constant of the pertuzumab-HER2 interaction. By contrast, no increase in k a was observed when increasing from 15 to 21˚C. In the current study, the k d for the pertuzumab-HER2 interaction at 15˚C was smaller than the detection limit for LigandTracer (set at ~1x10 -6 s -1 for the assay conditions in the present study). Additionally, at 21˚C, the k d could not be calculated with precision, but it was possible to estimate that it was <3x10 -6 s -1 and ~10 -6 . Hence, the affinity value could not be accurately derived, but is estimated to be 10 -10 M.
Analysis of cetuximab-EGFR interaction in A431 cells.
Furthermore, it was possible to observe that the interaction of FITC-cetuximab with EGFR in A431 cells was similar to that of pertuzumab-HER2. Namely, temperature influences the time that the interaction requires to approach equilibrium (Fig. 3) . When A431 cells were exposed to the first concentration of FITC-cetuximab (3 nM), equilibrium was approached within 1 h at 37˚C (Fig. 3C) . This was not observed at 21 or 15˚C, when the interaction required ~5 h of incubation at 9 nM to approach equilibrium ( Fig. 3A and B) . After 7-8 h, the incubation solution was replaced with fresh cell culture medium, allowing detection of the dissociation process. The estimations of the association and dissociation rate constants as the affinity at different temperatures are presented in the Table II .
Discussion
In the present study, the variation in binding behavior of clinical mAbs interacting with targets expressed on living cells under the influence of temperature was investigated. In traditional cell-based assays, the affinity measurements of protein interactions are typically performed at room temperature or at 4-8˚C, with little or no reflection of the potential impact of the temperature. It is well known that higher temperatures supply more energy, potentially increasing the reaction rate, which often leads to an accelerated interaction between ligands and targets. Therefore, temperature variation should always be accounted for to better predict the interaction behavior. The present study aimed to estimate an approximate level of influence of temperature variation on ligand-receptor interaction in living cells.
It is important to understand the possible influence of temperature on protein-protein interactions in living cells, to approach a real-life scenario, where the living cell system provides crucial information regarding the behavior of the therapeutic antibody. However, numerous challenges were identified when working with adherent living cells at different temperatures, such as viability, metabolism and cell adherence. At temperatures of ~8˚C, the cells began to lose their attachment properties and, eventually, their viability (data not shown). At 37˚C, the cells were active and viable, with normal metabolism, potentially leading to the internalization and, subsequently, degradation of the antibody. On the technical side, the temperature and temperature variations influence the signal detected. The LigandTracer instrument was placed in different temperature equilibrated conditions and considerable time was required to stabilize the signal (to reduce drift) and reach the target temperature (for example ~5 h at 37˚C). Therefore, it is important to monitor the temperature of the device when performing the experiment to guarantee improved data. To avoid possible error, the instrument was placed in temperature equilibrated conditions overnight prior the measurements inside of the incubator at 37˚C. A temperature change of 1-2˚C in the instrument may destabilize the signal for a short period, making it essential to rapidly execute the manual steps of the experiment (such as the addition of ligand during which the incubator or thermobox are opened). Additionally, but not equally critical, condensation is formed on the optical detector surface leading to noise increase, which alters the aspect of the curve and increases the number of spikes in the final signal. However, an increase of noise to some extent does not necessarily disturb the measurement. Thus, taking into account the biological limitations, it is possible to measure ligand-receptor interactions at different temperatures in real-time, which provides a foundation for further investigation of thermodynamics on the interaction of mAbs in living cells.
In the current study, it was possible to observe in living cells that temperature influenced the time of incubation required to approach equilibrium. When cells were incubated at 37˚C, the interaction approached equilibrium faster than at either 15 or 21˚C. In contrast to manual assays, which are blind with the exception of the single measurement per well conducted following a wash, measuring in real-time reduces blind-points and enables more precise elucidation of the duration of incubation required to approach equilibrium, which may have been missed using end-point assays. Furthermore, the increase of the association rate with temperature increase, from 15 to 37˚C was observed during the antibody interactions that were investigated. The differences in the k a at 37˚C were three-to five-fold higher than at either 21 or 15˚C. However, these differences were not as apparent from 15 to 21˚C. The differences between 37 and 21˚C are explained by the temperature increase and the fact that when cells are incubated with optimal temperature for normal metabolic activity, they are able to promote the interaction between the antibody and the receptors. Conversely, it was not possible to precisely evaluate the off-rate k d for pertuzumab, as the dissociation process was so slow that obtaining consistent data was not possible using a standard real-time experiment. This demonstrates that the regular assay design was not good enough for characterizing the pertuzumab-HER2 interaction.
A modified assay design was proposed and implemented for pertuzumab. The standard experiment was replaced with two separate experiments. Initially, the association process was evaluated by incubating cells with two different concentrations that were selected to obtain a clear estimation on curvature. Subsequently, in a second experiment, the HER2 system was saturated with an abundance of Texas Red-pertuzumab aiming to achieve greater sensitivity of the signal and a longer measurement duration of the dissociation process. It was possible to evaluate the two sets of experiments in parallel using TraceDrawer software, where certain variables were estimated independently (such as Bmax, associated with cell number and, thus, differs between measurements) and certain variables were estimated globally (such as the interaction parameters k a , k d and K D ). The modified assay design enabled the estimation of the affinity and kinetics in situations where the regular assay design was insufficient for evaluating the interaction with precision.
However, accurate calculation of the dissociation rate of Texas Red-pertuzumab for 15˚C and 21˚C was not performed, as pertuzumab in conjugation with Texas Red has a particularly slow dissociation process. Fluorescent labels alter the normal function of the target protein and Texas Red has previously been demonstrated to slow down the dissociation process in a study where Texas Red was compared against other conjugates (22) . In the same study, the values obtained for cetuximab, at room temperature with other conjugates, were similar to the values obtained in the present study with FITC-cetuximab at 21˚C.
The smaller temperature variations observed in the current study, on on-rate (k a ) and off-rate (k d ), result in larger equilibrium coefficient (k a /k d ) variations, and may be an interesting starting point for a more detailed calculation of the thermodynamic coefficients to provide a more complete mechanistic understanding of the biologics involved for clinical antibodies in humans. A deeper thermodynamic interpretation of the interactions requires numerous additional temperatures under steady state thermostable conditions and is beyond the scope of this particular study. The aim of the present study was to investigate the impact of temperature for the purpose of properly designing the assay. However, a study that performs a deeper thermodynamic interpretation of the interactions in living systems is planned for the future, as it may reveal interesting mechanistic details, as well as provide a more complete census and understanding of the biology in the interactions. In an earlier such investigation, the thermodynamic functions (ΔG˚, ΔH˚ and ΔS˚) were derived at each site for the interaction between the optical isomers (R and S) of the β-blocker, propranolol and the protein, cellobiohydrolase Cel7A (27) revealing there are at least two defined type of interactions; one interaction where R and S propranolol behaved in a similar manner and one accounting for a chiral (optically active) selective interaction (28, 29) . Similarly, detailed findings may be possible in a living cell interacting with biologics, although the experiment would be particularly complex with metabolism involved.
In conclusion, the present study observed that it was possible to measure the affinity and kinetics in living cells in real-time at different temperatures, allowing better understanding of the real behavior of protein-protein interactions in a living system and, to a certain extent, introduced the possibility of thermodynamic analysis of these interactions. Therefore, as a potential rule-of-thumb, when measuring interaction data acquired at different temperatures, the kinetics may increase (or decrease) by less than 10-fold when comparing the physiological temperature of 37˚C with room temperature (20-25˚C). The incubation time required to reach equilibrium also varies by, approximately, up to a factor 10, which has a direct impact on the design and analysis of traditional end-point assays.
